How specific sensory stimuli evoke specific behaviors is a fundamental problem in neurobiology. In Drosophila, most odorants elicit attraction or avoidance depending on their concentration, as well as their identity [1] . Such odorants, moreover, typically activate combinations of glomeruli in the antennal lobe of the brain [2] [3] [4] , complicating the dissection of the circuits translating odor recognition into behavior. Carbon dioxide (CO 2 ), in contrast, elicits avoidance over a wide range of concentrations [5, 6] and activates only a single glomerulus, V [5] . The V glomerulus receives projections from olfactory receptor neurons (ORNs) that coexpress two GPCRs, Gr21a and Gr63a, that together comprise a CO 2 receptor [7] [8] [9] . These CO 2 -sensitive ORNs, located in the ab1 sensilla of the antenna, are called ab1c neurons [10] . Genetic silencing of ab1c neurons indicates that they are necessary for CO 2 -avoidance behavior [5] . Whether activation of these neurons alone is sufficient to elicit this behavior, or whether CO 2 avoidance requires additional inputs (e.g., from the respiratory system), remains unclear. Here, we show that artificial stimulation of ab1c neurons with light (normally attractive to flies) elicits the avoidance behavior typical of CO 2 . Thus, avoidance behavior appears hardwired into the olfactory circuitry that detects CO 2 in Drosophila.
How specific sensory stimuli evoke specific behaviors is a fundamental problem in neurobiology. In Drosophila, most odorants elicit attraction or avoidance depending on their concentration, as well as their identity [1] . Such odorants, moreover, typically activate combinations of glomeruli in the antennal lobe of the brain [2] [3] [4] , complicating the dissection of the circuits translating odor recognition into behavior. Carbon dioxide (CO 2 ), in contrast, elicits avoidance over a wide range of concentrations [5, 6] and activates only a single glomerulus, V [5] . The V glomerulus receives projections from olfactory receptor neurons (ORNs) that coexpress two GPCRs, Gr21a and Gr63a, that together comprise a CO 2 receptor [7] [8] [9] . These CO 2 -sensitive ORNs, located in the ab1 sensilla of the antenna, are called ab1c neurons [10] . Genetic silencing of ab1c neurons indicates that they are necessary for CO 2 -avoidance behavior [5] . Whether activation of these neurons alone is sufficient to elicit this behavior, or whether CO 2 avoidance requires additional inputs (e.g., from the respiratory system), remains unclear. Here, we show that artificial stimulation of ab1c neurons with light (normally attractive to flies) elicits the avoidance behavior typical of CO 2 . Thus, avoidance behavior appears hardwired into the olfactory circuitry that detects CO 2 in Drosophila.
Results and Discussion
We expressed the photo-activated cation-selective channel channelrhodopsin-2 (ChR2) [11, 12] in ab1c neurons by using a Gr21a-Gal4 driver [9] and raised the flies either in food supplemented with all-trans retinal or, as a control, without the supplement (see Experimental Procedures in the Supplemental Data available online). To determine whether light activation of ChR2 can mimic the effect of CO 2 on ab1c activity, we recorded action potentials in single ab1 sensilla [13] . Indeed, 470 nm blue light elicited spike trains from ab1c neurons but not from other ORNs in this sensillum [10] (Figures 1D, 1D 0 , red dots, and 1E). Two types of retinal-dependent (Figures 1B, 1D , and 1E) spiking responses to light were seen in CO 2 -responsive sensilla: a ''nonadapting'' response that persisted for the duration of the stimulus ( Figures 1D, 2B , 2D, and 2F; w54% of sensilla) and a transient response that terminated within w200 ms after the stimulus onset ( Figure 2B , red dots; Figures 2E and 2F; 24% of sensilla). The persistent response was similar to that evoked by w2% CO 2 ( Figures 1C, 2A , and 2C). Twenty-two percent of the ab1 sensilla showed no response to blue light ( Figure 2F ). This may reflect variability in ChR2 expression, retinal bioavailability, or the fact that the ChR2 response is not amplified by a secondmessenger system [11] , in contrast to the response mediated by olfactory receptors [14] .
To determine whether light activation of CO 2 -sensitive ORNs is also sufficient to elicit avoidance behavior, we constructed a T maze in which one arm was outfitted with water-cooled 470 nm light-emitting diodes (LEDs; Figures 3A-3D ). Flies were given 30-60 s to choose, and then they were counted. Flies expressing Gr21a-Gal4 and two copies of UAS-ChR2 [15] , and raised on retinal-containing food, avoided the test arm when the LEDs were illuminated ( Figure 3E , ''Gr21a-Gal4;UASChR2'' hn: + versus 2). Avoidance was observed not in flies expressing the driver, the responder alone (Figure 3E , ''Gr21a-Gal4; +'' and ''+; UAS-ChR2,'' respectively), or in flies raised without retinal ( Figure 3F ). The mean performance index (PI) obtained with light was somewhat lower than that observed with 1% CO 2 (Figure 3E, ''CO 2 : +'') and exhibited more variability, consistent with the electrophysiological data. The extent of avoidance was dependent on diode strength ( Figure S1 ). Avoidance could also be obtained in flies containing a single copy of the UAS-ChR2 responder gene (Figure S1 ), although a direct comparison of performance index as a function of UAS-ChR2 copy number was not performed.
This avoidance of blue light is in stark contrast to the normally strong attraction to blue light of wild-type flies. To test whether the avoidance of blue light by Gr21a-Gal4;UAS-ChR2 flies was due exclusively to light activation of ab1c ORNs, rather than the visual pathway, the Gr21a-Gal4 and UAS-ChR2 transgenes were crossed into genetically blind flies homozygous for a mutation in the norpA (no receptor potential A) gene [16] . Avoidance of blue light in the T maze by such flies was observed as well ( Figure 3G ). norpA 2 flies expressing UAS-ChR2 under the control of the Or83b-Gal4 driver [17] , which is expressed in multiple classes of ORNs (but not those responding to CO 2 [5] ), did not avoid the blue light, consistent with the behavior being specific to activation of ab1c neurons ( Figure 3G, black columns) . The lack of any net response in these Or83b-Gal4; UAS-ChR2 flies *Correspondence: wuwei@caltech.edu may reflect integration of opponent attraction and avoidance responses, promoted by simultaneous activation of multiple classes of ORNs. Alternatively, these neurons may be less susceptible than ab1c neurons to activation by ChR2.
The demonstration that the activation of ab1c neurons by light is sufficient to elicit avoidance in a T maze, taken together with the requirement of these neurons for CO 2 avoidance [5] , indicates that this behavior is exclusively mediated by ab1c ORNs and does not involve combinatorial or temporal coding of odor identity. It also indicates that CO 2 avoidance does not require other sensory input, e.g., from the respiratory system. The fact that activation of a single population of ORNs suffices to trigger avoidance further suggests that this behavior is hardwired into the olfactory circuitry that detects CO 2 in Drosophila. By contrast, the concentration-dependent, combinatorial coding for most other odorants [3, 4, 18] allows for more flexible behavioral responses. These two classes of olfactory stimulus-response mechanisms may be thought of as analogous to innate versus adaptive immune responses [19] . Mosquitoes contain similar CO 2 receptor genes as Drosophila [7] but are attracted to this odorant; whether the CO 2 response in mosquitoes is also innate, but of opposite valence, or rather is adaptive and flexible remains to be determined.
Our results extend to adult Drosophila the use of ChR2 to elicit behavior in intact animals, as previously demonstrated in C. elegans [20] and Drosophila larvae [15] . In practice, the efficacy of this system is likely to be dependent on factors such as Gal4 driver strength, position of the neurons in the brain, and their membrane surface area and biophysical properties. The use of ChR2 to activate neurons in adult Drosophila provides a valuable complement to other genetically based neuronal photo-activation techniques [21] . . ''CO 2 '' represents w1% CO 2 in the test arm, without light (hn:2). (E) shows that flies expressing ChR2 in Gr21a + neurons (Gr21a-Gal4;UASChR2) avoid blue light (PI = 51.0), whereas control flies expressing either Gr21a-Gal4 alone or UAS-ChR2 alone (Gr21a-Gal4;+ or +;UAS-ChR2) do not. (F) shows that flies reared in food not supplemented with alltrans-retinal (''-retinal'') do not exhibit avoidance of blue light. (G) shows that blind norpA (no receptor potential A) mutant flies expressing ChR2 in Gr21a + neurons (NorpA 2 ;Gr21a-Gal4;UAS-ChR2) do avoid light (PI = 47.1), whereas norpA 2 ;Or83b-Gal4;UAS-ChR2 flies do not. All control genotypes (Gr21a-Gal4;+, +;UAS-ChR2, Or83b-Gal4;+) raised in retinal-containing food, whether in the presence or absence of light, yielded PIs not statistically different from 0; some are omitted for clarity. Data represent the mean 6 SEM of four independent experiments, each comprising three to four trials of 20-30 flies each. ***p < 0.01 (ANOVA).
